The cell wall is the structure that provides the shape to fungal cells and protects them from the difference in osmotic pressure existing between the cytosol and the external medium. Accordingly, changes in structure and composition of the fungal wall must occur during cell differentiation, including the dimorphic transition of fungi. We analyzed, by use of microarrays, the transcriptional regulation of the 639 genes identified to be involved in cell wall synthesis and structure plus the secretome of the Basidiomycota species Ustilago maydis during its dimorphic transition induced by a change in pH. Of these, 189 were differentially expressed during the process, and using as control two monomorphic mutants, one yeast like and the other mycelium constitutive, 66 genes specific of dimorphism were identified. Most of these genes were up-regulated in the mycelial phase. These included CHS genes, genes involved in b-1,6-glucan synthesis, N-glycosylation, and proteins containing a residue of glycosylphosphatidylinositol, and a number of genes from the secretome. The possible significance of these data on cell wall plasticity is discussed.
Introduction
The wall is the most rigid outer layer covering the cells of a number of organisms, both prokaryotic and eukaryotic. The wall protects the cells from the difference in osmotic pressure existing between the cytosol and the external medium, provides the shape to the cell, and establishes contact with biological or inert surfaces, among other functions. In the case of fungi, the cell wall is made of two different kinds of polymers: structural polysaccharides (chitin and b-1,3-glucans) arranged in the form of microfibrils, and an amorphous matrix made of glycoproteins and nonstructural polysaccharides. Additionally, cell walls contain pigments and salts in small amounts (reviewed by Sentandreu et al., 2004; Ruiz-Herrera et al., 2004; Ruiz-Herrera, 2012) .
The most abundant components of the fungal cell walls are polysaccharides that represent up to 80% of their dry weight. Chitin, a polymer made of b-1,4 bound N-acetylglucosamine (GlcNAc) units, is the characteristic component of the fungal cell wall. Chitin is synthetized by chitin synthases (Chs), encoded by CHS genes. Characteristically, fungi contain more than one CHS gene. Another polysaccharide characteristic of the fungal cell walls is chitosan, a product of the partial deacetylation of chitin, a reaction catalyzed by specific deacetylases (Cda's). b-1,3-glucans are the most abundant polysaccharides of the fungal cell wall. They are synthesized by transglycosylases (b-1,3-glucan synthases) encoded by genes that have received different denominations, of which the most common one is FKS. Other polysaccharides present in smaller amounts in the fungal cell walls are b-1,6-glucans synthetized by a complex array of a large number of proteins (Shahinian & Bussey, 2000) , and a-1,3-glucans synthesized by enzymes encoded by AGS1 genes (Hochstenbach et al., 1998) .
Wall proteins have been classified according to how they are linked to the wall: covalently bound and noncovalently bound. Three types of covalently bound proteins have been described in the fungal walls: proteins with internal repeats (PIR proteins), proteins containing a residue of glycosylphosphatidylinositol (GPI proteins), and proteins bound through disulfide bonds to other proteins. Noncovalently bound proteins are associated to the wall through hydrophobic, hydrophilic, and ionic bonds. Pir proteins are present only in Ascomycota (Toh-e et al., 1993; Martínez et al., 2004) and are bound to the wall by an alkali-sensitive linkage to b-1,3-glucans identified as an ester linkage between the c-carboxyl group of a glutamic acid residue and a hydroxyl group of glucose (Ecker et al., 2006) , whereas GPI proteins are bound to b-1,6-glucans by means of a glycosidic linkage (Van Der Vaart et al., 1996) .
Ustilago maydis DC (Cda) is a dimorphic Basidiomycota fungus, and a specific pathogen of maize (Zea mays L) and its putative ancestor teocintle (Zea mays ssp. mexicana). Ustilago maydis is not an obligatory parasite, but requires its host to complete its life cycle during which three different stages can be recognized: (1) haploid yeast cells that correspond to the saprophytic stage of the fungus, (2) dikaryotic mycelium formed by the fusion of two yeast cells of compatible mating type, and corresponding to the pathogenic stage that invades the plant, and (3) diploid spores (teliospores) that are formed in the plant host at the last period of the infection and constitute the resistance and dispersion form of the fungus (Ruiz-Herrera & Martínez-Espinoza, 1998; Feldbrügge et al., 2004; Klosterman et al., 2007; Vollmeister et al., 2012) . Under in vitro conditions, yeast-to-mycelium transition may take place in haploid or diploid cells by change of the pH of the growth medium (Ruiz-Herrera et al., 1995) , starvation of nitrogen (Banuett & Herskowitz, 1994) , or by use of fatty acids as carbon source (Klose et al., 2004) .
Taking into consideration the importance of the cell wall, and the changes that it suffers in structure and composition during fungal development, in the present study we have analyzed the changes occurring in the transcription of the genes involved in the synthesis and structure of the cell wall of U. maydis during its dimorphic transition induced by a change in the pH of the growing medium.
Materials and methods

Strains, culture, and growth conditions
In this study, we used the wild-type strain FB2 of U. maydis (Banuett & Herskowitz, 1989) , and the monomorphic mutants GP25 [constitutively mycelium, deficient in the gene encoding histone acetylase Gcn5 (J.M. Gonzalez-Prieto et al., in preparation)] and CL211 [constitutively yeast, deficient in the gene encoding Map kinase Ubc2 (Martínez-Espinoza et al., 1997) ]. The strains were maintained in 50% glycerol at À70°C and were recovered by incubation under shaking conditions at 28°C in complete medium (HMC; Holliday, 1961) before each experiment, and transferred to minimal medium (MM; Holliday, 1961) of pH 7 or pH 3 to obtain, respectively, the yeast or mycelium forms as previously described (Ruiz-Herrera et al., 1995) . Morphology of the cells was determined by light microscopy observation.
Isolation of total RNA and hybridization of microarrays
Ustilago maydis (10 6 cells per mL) were inoculated in 500 mL of MM of pH 7 or pH 3, and incubated under shaking conditions (250 r.p.m.) at 28°C for 16 h. Cells were recovered by centrifugation and washed three times with distilled water. From these cells, total RNA was isolated with Trizol (Invitrogen, http://es-mx.invitrogen. com) according to the manufacturer′s instructions and purified in QIAGEN (http://www.qiagen.com) columns. RNA concentration was measured by their absorbance at 260 nm by use of a Nanodrop (Thermo scientific), and its integrity was determined by electrophoresis in agarose gels. RNA was then sent to NimbleGen (Roche, http:// www.nimblegen.com/) for synthesis and labeling of cDNA and microarrays hybridization.
Design, image analysis, normalization, and analysis of microarrays
Nimblegen single-channel microarrays are made of 60 mer oligonucleotides of high density (one-color arrays) representing the 6833 genes of the U. maydis genome in five probes per target in duplicate. Additionally, they include 23 maize sequences in the array, five probes per target in quadruplicates. GenePix 4000B scan and associated software were used for scanning the arrays, import of the scanned image, and data extraction. Normalization was made with NIMBLESCAN software using quantile (Bolstad et al., 2003) and the robust multi-array analysis (RMA) algorithms . Microarray analyses were made with the ARRAYSTAR software of DNAStar. Genes were considered as differentially expressed when their values increased or decreased by 1.5-fold.
In silico search of genes involved in the structure and synthesis of the cell wall and encoding secreted proteins of U. maydis Sequence of U. maydis genes was obtained from mips (http://mips.helmholtz-muenchen.de/genre/proj/ustilago). Genes involved in the synthesis of b-1,6-glucans, genes involved in the synthesis of the N-and O-glycan moieties of glycoproteins, and enzymes involved in the synthesis of the GPI anchor were searched by their homology with the genes from Saccharomyces cerevisiae (Jigami, 2008) 
Results
Identification of genes involved in cell wall synthesis and structure and encoding secreted proteins of U. maydis
The genes involved in the structure and synthesis of the cell wall of U. maydis that we searched were those encoding the following enzymes and proteins: chitin synthases, chitin deacetylases, b-1,3-glucan synthases, enzymes involved in b-1,6-glucan synthesis, GPI proteins, enzymes involved in the synthesis of the N-and O-glycan moieties of glycoproteins, enzymes involved in the synthesis of the GPI anchor, enzymes involved in the synthesis of UDPGlcNAc, UDPGlc, and GDPMann, and secreted proteins (secretome). The reason to include secreted proteins in our analysis is that the amount of them that is secreted to the medium and that remaining trapped into the cell wall (the so-called periplasmic space) are variable. Accordingly, they may be considered, at least partially, cell wall components. Under these premises, we identified a total 639 genes. From the total identified genes, some fell into more than one of the mips classification groups, as, for example, occurred with some of the genes encoding chitin deacetylases that are GPI proteins. Previous analyses of the U. maydis genome have revealed that it contains eight genes encoding chitin synthases (Gold & Kronstad, 1994; Xoconoxtle-Cazares et al., 1996 Garcerá-Teruel et al., 2004; Weber et al., 2006) , eight genes coding for chitin deacetylases, and only one gene encoding a b-1,3-glucan synthase (Ruiz-Herrera et al., 2008) . In S. cerevisiae, ten genes have been described to be involved in the synthesis of b-1,6-glucans (Shahinian & Bussey, 2000) whereas in U. maydis, homologues of only six of these genes (CWH41, ROT2, KRE5, CNE1, and KRE6/SKN1) have been identified (Ruiz-Herrera et al., 2008; Ruiz-Herrera & Ortiz-Castellanos, 2010) . In this work, we identified one additional gene homologue to KRE9/KNH1. Additionally, 53 genes encoding GPI proteins and 506 genes encoding secreted proteins were identified. Secreted proteins (constituting the secretome) were classified considering whether they had or not homology to proteins from other organisms. Finally, 28 genes encoding enzymes involved in protein glycosylation, 23 of them involved in the synthesis of the N-glycan and five in the synthesis of the O-glycan moieties of glycoproteins, 20 genes encoding enzymes involved in the synthesis of the GPI anchor, and nine genes involved in the synthesis of UDP-GlcNAc, UDPGlc, and GDPMan were identified.
Differential expression of genes involved in the structure and synthesis of the cell wall and encoding secreted proteins of U. maydis during the in vitro dimorphism induced by change in pH
To obtain growth in the form of yeast or mycelium, the wild-type FB2 strain was incubated in MM at pH 7 or pH 3, respectively, following the conditions previously described (Ruiz-Herrera et al., 1995) . Under these conditions, a total of 189 genes involved in the synthesis and structure of the cell wall or encoding secretory proteins were found to be differentially expressed in the mycelial or yeast forms. Of these, 132 genes were up-regulated and 57 were down-regulated in the mycelial form. It was observed that a greater number of genes encoding chitin synthases, enzymes involved in the synthesis of UDPGlcNAc, enzymes involved in b-1,6-glucan synthesis, enzymes involved in the synthesis of the GPI anchor, GPI proteins, and secretory proteins, were up-regulated in the mycelial phase. In contrast, a greater number of genes encoding chitin deacetylases were down-regulated in the mycelial phase (see Table 1 ). Regarding genes involved in b-1,6-glucan synthesis, CWH41, ROT2, KRE5, KRE9, and two homologous to KRE6 were up-regulated in the mycelial form, whereas two genes homologous to KRE6 were down-regulated. In the same way, most of the genes involved in N-glycosylation were up-regulated in the mycelial form (see Tables 2 and 3 ). In regards to chitin metabolism, CHS3 and CHS4 genes were up-regulated, whereas CHS7 was down-regulated. Of the chitin deacety-lases encoding genes (CDA), one of them was highly up-regulated (40-fold change), and three were down-regulated, but not more than sixfold. We observed that a large number of genes encoding secreted proteins were differentially expressed, most of them up-regulated in the mycelial form. These genes were classified according to the function of the encoded products as follows: degradation, synthesis, redox reactions, hydrophobins, nonenzymatic function, and unknown function. Most of the differentially expressed genes had no known function or were involved in the degradation of carbohydrates or in redox reactions (see Table 4 ).
Identification of differentially expressed genes specific of dimorphism
The genes described in the previous paragraph corresponded to those that were differentially expressed in the wild-type strain FB2 during the dimorphic transition induced by pH change. To identify the genes that were specifically regulated during dimorphism, we proceeded to use as controls the two monomorphic mutants (CL211 and GP25) that grow in the yeast-like or mycelial forms, respectively, independently of the pH of the growth medium. Accordingly, we designed a Venn diagram (Edwards & Edwards, 1992 ) that compared the following data: (1) genes that were differentially expressed in the wild-type strain FB2 grown at pH3 when compared to the same strain grown at pH7; (2) genes differentially expressed in the wild-type strain grown at pH 7 when compared to the mycelial monomorphic mutant GP25 also grown at pH 7, and (3) genes differentially expressed in the FB2 wild-type strain when compared to the yeast-like monomorphic strain CL211 both grown at pH 3. In the three comparisons, the common effector was dimorphism (see Fig. 1 ). This way we identified 66 genes that were differentially regulated in common in the three comparisons described above. Of them, 45 were up-regulated and 21 were down-regulated in the mycelial form (see, respectively, Tables 5 and 6 ).
Analysis of the differentially expressed genes specific of dimorphism
Among the genes specific of dimorphism that were upregulated in the mycelial form, we found several with biosynthetic functions: CHS3 encoding a chitin synthase; CWH41 and KRE9 encoding proteins involved in the synthesis of b 1,6-glucans; CHW41, ALG11, OST1, and MNL1 (mannosidase) whose products are involved in the synthesis of the N-glycan fraction of the glycoproteins; and GPI14 encoding an enzyme involved in the synthesis of the GPI anchor. Fifteen up-regulated genes had no defined functional domain or function. Ten genes encode degradation enzymes: chitinase A, three glycosyl hydrolases, two glucanases, one mannosidase, two peptidases, and one aspartyl protease. Additionally, four genes encode secreted proteins with a redox function, two encoding glucose oxidases, one secretory protein with thioredoxin domain, one encoding Fet5 (multicopper oxidase), and two encoding proteins homologous to SC7 (fruiting body protein) and Pra1 (pH-regulated antigen). In contrast, down-regulated genes specific of dimorphism in the , 1997) ; it is known that this morphological change is accompanied by a change in the chemical composition of the cell wall. For example, in P. brasiliensis, Blastomyces dermatitidis, and Histoplasma capsulatum, it was demonstrated that the levels of a-1,3-glucans are directly related to the levels of virulence (Hogan & Klein, 1994) . The composition of the cell wall of the yeast and mycelial forms of U. maydis showed differences both qualitative and quantitative. Thus, it was observed that the yeast form contained higher amounts of sugars and proteins, whereas in contrast, the mycelial form contained higher chitin content . A general observation in the present study was the up-regulation in the mycelial form obtained at pH 3 of a larger number of genes encoding enzymes and proteins involved in the synthesis and structure of the cell wall of U. maydis, in contrast to the down-regulated genes that were lower in number, and encoded a large number of hydrolases. This result suggests the necessity of a higher rate of wall synthesis in the mycelial form, probably as result of its polarized form of growth, although we cannot exclude the effect of the acid pH in these experiments (but see below). An important example of this differential rate of synthesis is the up-regulation of the genes involved in chitin synthesis; whereas two genes, CHS3 and CHS4, were up-regulated in the mycelium, down-regulation occurred Trascriptome of cell wall during Utilago maydis dimorphism only in the CHS7 gene. These results are in partial agreement with data obtained by RT-PCR where only a small change in the expression of CHS genes was observed during the dimorphic transition induced by change in the external pH (Robledo-Briones & Ruiz-Herrera, 2012) (in the present study, up-regulation of the rest of CHS genes in the mycelial form was below 2.0 values). In contrast, in the results obtained in vivo during infection of maize plants, CHS6, CHS7, CHS8, were expressed to high levels during tumor formation (Robledo-Briones & Ruiz-Herrera, 2012). Data from Weber et al. (2006) also indicated that hyphal growth induced by b gene activation was sustained by the apical location of Chs5, Chs6, Chs7, and Chs8 and that CHS1 and CHS4 genes were up-regulated, and CHS7 was not induced. Differential expression of CHS genes during the dimorphic transition has been observed in other fungi such as Candida albicans (Chen-Wu et al., 1992) and P. brasiliensis (Niño-Vega et al., 2000) . Agreeing with the above-mentioned hypothesis, we found that the genes encoding hexokinase and UDPGlcNAc phosphorylase of the pathway of synthesis of UDPGlcNAc, the substrate for the synthesis of chitin, genes involved in the synthesis of glycoproteins and of the GPI anchor, were also up-regulated in the mycelial form of U. maydis. In relation with these data, it is important to recall that C. albicans mutants in the genes encoding the hexokinase involved in the synthesis of UDPGlcNAc are affected in the formation of germination tubes and show reduced virulence to mice (Yamada-Okabe et al., 2001) . In contrast, genes encoding enzymes involved in the synthesis of UDPGlc or GDPMan were not differentially expressed. An apparently contradicting result was the down-regulation of three CDA genes encoding chitin deacetylases, against the up-regulation of only one gene in the mycelial stage. The same result was obtained by Andrews et al., 2004 ; although the fold change was not as high as in the present case. Nevertheless, the observation that the up-regulated gene has an extremely high fold change in comparison with the other three may equilibrate the rate of chitosan synthesis. Chitosan has been shown to be the most important wall component of the cell wall of Zygomycota (Kreger, 1954) , and interestingly enough, of the wall from the Basidiomycota species Cryptococcus neoformans (Baker et al., 2007) , and to be present only in specific stages of development in other fungi, for example, in the ascospore of S. cerevisiae (Briza et al., 1988) , and during the formation of fruiting bodies by Flammulina velutipes (Yamada et al., 2008) . Its amount in the walls of most fungi is generally very low, and its presence has been deduced in most of them by the existence of CDA genes. In the case of U. maydis, the amount of chitosan in the walls of the vegetative forms is below the sensitivity of the chemical methods of analysis . Interestingly enough, the gene encoding the synthase responsible for the formation of the most abundant polysaccharide in the cell wall of U. maydis (and a large number of fungi), b-1,3-glucan synthase, was found to be not regulated during dimorphism [nor under other physiological conditions (Robledo-Briones & Ruiz-Herrera, 2012) ], contrasting with the behavior of the gene in other fungi (San-Blas et al., 2002; Reverberi et al., 2004) . On the other hand, and supporting the previously suggested hypothesis, some of the different genes involved in the synthesis of b-1,6-glucans were up-regulated in the mycelial form. It is interesting to mention that some of these genes have been shown to be related to dimorphism, for example, the disruption of the gene homologue to KRE9 from C. albicans led to the inability of the fungus to form mycelium in serum (Lussier et al., 1998) . In contrast, the homologues of genes SKN1 and KRE6 of C. albicans were expressed differentially in the yeast and mycelial form, and KRE6 related to budding (Mio et al., 1997) . In the present study, we identified two homologues of KRE6 that were up-regulated and two that were down-regulated in the mycelial morphology. Mutants in the C. albicans homologue genes of CWH41, ROT2, and MNS1 involved in the synthesis of b-1,6-glucans and in N-glycosylation do not develop mycelium over solid medium and are delayed and altered in the formation of germ tubes (Mora-Montes et al., 2007) . Agreeing with these results, we observed that the homologues of these genes were up-regulated in the mycelial form. Also, the gene homologue to VRG4 (involved in N-glycosylation) was described to be related to dimorphism (Nishikawa et al., 2002) , and in concordance, we observed that the VRG4 homologue of U. maydis was upregulated in the mycelium form of the fungus. Similar results were observed with two genes involved in glycoprotein O-glycosylation homologues to PTM1/PTM5 and PTM4 that were found to be differentially expressed in U. maydis. In agreement with this observation, it was described that genes homologues to PTM have a role during the dimorphic transition of C. albicans Most of the genes encoding enzymes involved in the synthesis of the GPI anchor and secreted proteins were also up-regulated in the mycelium form. This result is interesting, considering the observation that several GPI proteins are involved in the virulence of some pathogenic fungi. For example, in C. albicans and Fusarium oxysporum, the gene homologue to the one encoding the GPI protein Gas1 had some effect on hypha development and virulence (Caracuel et al., 2005; Ragni et al., 2011) . In the same way, Yps proteins (aspartyl proteases family, GPI) of Candida glabrata were related to virulence and integrity of the cell wall (Kaur et al., 2007) . In the present study, we found one homologue of a YPS gene up-regulated in the mycelial form of U. maydis. Additionally, we identified some hydrophobin genes that were differentially expressed in U. maydis. These secreted proteins have been previously described to be involved in the growth and development of mycelium in different fungi including U. maydis (Wösten, 2001; Teertstra et al., 2006) .
In addition, we identified dimorphic specific genes that were differentially expressed with the help of a Venn diagram and the monomorphic mutants. Among the 66 dimorphic specific genes, a great number of genes encoding GPI proteins and genes involved in N-glycosylation were up-regulated in the mycelium form, whereas in contrast almost all down-regulated genes encoded secretory proteins. Additionally, a number of up-regulated genes were involved in synthetic reactions, whereas most downregulated genes with an identified function were involved in degradative reactions, and a significant number had unknown functions. Genes specific of dimorphism that were differentially regulated included some involved in b-1,6-glucan synthesis: KRE9, CWH41, KRE6, MNS1, and the one encoding the hexokinase involved in UDPGlcNAc synthesis. These genes have been shown to be related to dimorphism in C. albicans. The genes encoding CHS3 and chitinase A were also up-regulated in the mycelial form, a regulation possibly related to a change in the structure and remodeling of the cell wall during the mycelial growth, and suggesting a specific role for CHS3 during the development of the hyphae. This result is different to data from Weber et al. (2006) who considered CHS1 and CHS4 more important for mycelial growth obtained by activation of the b gene. Also, interesting is the observation that the homologue to SC7 gene from Schizophyllum commune was up-regulated in the mycelial form. This gene has been related to development of fruiting bodies and hyphal wall formation in S. commune (Schuren et al., 1993) . Other interesting up-regulated gene was the homologue to GPI14 (a-1,4-mannosyltransferase involved in GPI-anchor synthesis). Disruption of this gene in S. cerevisiae brought about defects in the structure of the cell wall and formation of aggregates of up to 20-30 cells (Davydenko et al., 2005) .
PRA1 is a gene regulated by pH in C. albicans (Soloviev et al., 2007) and shown to be involved in its pathogenicity with a higher expression in the mycelial form (Losse et al., 2011) . Interestingly, the corresponding homologue was identified as a mycelium-specific up-regulated gene in U. maydis. In contrast, the U. maydis homologue to KRE6 gene was down-regulated in the mycelial form, suggesting the possibility that it might be involved in U. maydis budding as was reported in C. albicans (Mio et al., 1997) . A similar role could be speculated for a CDA gene that was also found to be down-regulated in the mycelial form of U. maydis. There is a report describing that the phenotype of the Drot1 mutant of S. cerevisiae showed alteration in morphology, cell aggregation, and reduced levels of b-1,6-glucan, because of the role of ROT1 in the synthesis of this polysaccharide (Machi et al., 2004) . The observation that the corresponding homologue gene is down-regulated in the mycelial form of U. maydis may suggest that, as occurred in S. cerevisiae, the gene might be involved in the growth of the yeast form. Other genes that were shown to be regulated in a dimorphism-specific form were PER1 that is involved in lipid remodeling of the GPI-anchor protein, cell wall integrity, and manganese homeostasis (Paidhungat & Garrett, 1998; Fujita & Jigami, 2008) , and the gene encoding glutaminase A that was down-regulated in the mycelial phase. Interestingly, Böhmer et al., 2007 described that the protein was over-expressed in the mycelial form obtained by activation of the b gene.
In conclusion, our data are a further evidence of the extreme plasticity of the fungal cell wall that adapts its composition and structure in response to the different phases of growth and differentiation. In the present case, it was observed that during dimorphism of U. maydis induced by change in the pH of the medium, significant alterations in the expression of key genes involved in the synthesis and structure of the cell wall take place. It was observed that most of the up-regulated genes in the mycelial phase are involved in the synthesis of the different components of the wall, whereas a minor number of genes are up-regulated in the yeast phase, and most of them have a role in polymer degradation. These results suggest that formation of the mycelial wall requires an increase in the synthesis of some of its components, whereas growth of the yeast wall probably requires a continuous remodeling involving the controlled degradation of different polymers.
